Kimberley virus (KIMV) is an arthropod-borne rhabdovirus that was isolated in 1973 and on several subsequent occasions from healthy cattle, mosquitoes (Culex annulirostris) and biting midges (Culicoides brevitarsis) in Australia. Malakal virus (MALV) is an antigenically related rhabdovirus isolated in 1963 from mosquitoes (Mansonia uniformis) in Sudan. We report here the complete genome sequences of KIMV (15442 nt) and MALV (15444 nt). The genomes have a similar organisation (3 0 -l-N-P-M-G-G NS -a1-a2-b-g-L-t-5 0 ) to that of bovine ephemeral fever virus (BEFV). High levels of amino acid identity in each gene, similar gene expression profiles, clustering in phylogenetic analyses of the N, P, G and L proteins, and strong cross-neutralisation indicate that KIMV and MALV are geographic variants of the same ephemerovirus that, like BEFV, occurs in Africa, Asia and Australia.
Introduction
Ephemeroviruses are arthropod-borne rhabdoviruses of ungulates, primarily infecting cattle and other ruminants. Bovine ephemeral fever virus (BEFV) causes a debilitating febrile illness in cattle and water buffaloes (St. George and Standfast, 1988; Walker, Blasdell, and Joubert, 2012) and has been isolated on many occasions from biting midges (Culicoides spp.) and mosquitoes (Anopheles bancrofti), and from cattle in Africa, Asia and Australia (van der Westhuizen, 1967; Walker et al., 2012) . Other known ephemeroviruses include Berrimah virus (BRMV) and Adelaide River virus (ARV), which were each isolated in 1981 from healthy sentinel cattle in Australia but have not been associated with disease (Gard et al., 1983; Gard et al., 1984) . Kotonkan virus (KOTV) and Obodhiang virus (OBOV) have also recently been characterised as ephemeroviruses . KOTV was isolated from biting midges (Culicoides spp.) in Nigeria and shown to cause an ephemeral fever-like illness in cattle (Kemp et al., 1973a; Tomori et al., 1974) . OBOV was isolated from mosquitoes (Mansonia uniformis) in Sudan and has been shown to be closely related antigenically and genetically to ARV from Australia Bourhy et al., 2005; Calisher et al., 1989; Kuzmin et al., 2006; Schmidt et al., 1965) .
Assignment of these viruses as species in the genus Ephemerovirus is based primarily on serological cross-reactions and genome sequence data. Ephemeroviruses have characteristically large and complex genomes comprising the five structural protein genes that are common to all rhabdoviruses (N, P, M, G and L), and up to six additional ORFs located between the G and L genes . In all ephemeroviruses, the G gene is followed by a second non-structural glycoprotein gene (G NS ) which encodes a protein with significant homology to rhabdovirus G proteins and appears to have arisen by gene duplication or recombination (Walker et al., 1992 Wang and Walker, 1993) . The G NS gene is followed by a gene encoding a putative viroporin (a1) and two genes of unknown function (a2 and b) (Wang et al., 1994) . In BEFV and KOTV, but not other ephemeroviruses sequenced to date, the b gene is followed by a third gene (g) of unknown function (McWilliam et al., 1997) .
KOTV is unique in that the g gene is followed by the d gene which encodes a protein with significant amino acid sequence similarity to the pleckstrin homology domain of coactivator-associated arginine methyltransferase 1 (CARM1) .
Serological and phylogenetic data suggest at least two other viruses may be members of the genus Ephemerovirus (Bourhy et al., 2005; Calisher et al., 1989) . Kimberley virus (KIMV) was first isolated from a pool of mosquitoes (Culex annulirostris) collected in the remote Ord River Valley of Western Australia in (Liehne et al., 1981) and has subsequently been isolated on several occasions in Australia from biting midges (Culicoides brevitarsis) and healthy sentinel cattle (Cybinski and Muller, 1990; Cybinski and Zakrzewski, 1983; Zakrzewski and Cybinski, 1984) . Although it has not been associated with disease outbreaks, KIMV neutralising antibodies have been detected in cattle, water buffaloes, goats and horses in Australia, Indonesia, Papua New Guinea and China (Cybinski and Zakrzewski, 1983; Jiang and Yan, 1989; Soleha et al., 1993) . In Australia, its distribution is similar to that of BEFV and there is evidence that KIMV infection may offer some short-term protection against ephemeral fever during BEFV outbreaks (Cybinski, 1987) . Malakal virus (MALV) was isolated from mosquitoes (M. uniformis) collected along the banks of the White Nile River near Malakal in Sudan in 1963 (Schmidt et al., 1965) . MALV cross-reacts strongly in indirect fluorescent antibody tests with BEFV, KIMV and several other ephemeroviruses, including OBOV which was isolated from M. uniformis collected one month after MALV at the same site in Sudan, and Puchong virus (PUCV) which was isolated from M. uniformis in Selangor, Malaysia in 1965 (Calisher et al., 1989) . No other information is currently available on the geographic distribution, vertebrate host range or pathogenicity of MALV.
In this paper, we report the complete genome sequences, gene expression profiles and serological and phylogenetic relationships of MALV and KIMV. The data indicate that the viruses should be considered to be geographic variants of the same ephemerovirus species which appears to have a widespread distribution in Africa, Asia and Australia.
Results

Nucleotide sequences of MALV and KIMV genomes
The complete genome sequences of MALV strain SudAr 1149-64 (15444 nt) and KIMV strain CS368 (15442 nt) were determined by de novo assembly using Illumina sequencing (101 bp reads, paired ends). The average read depth coverage was 2283 for MALV and 3889 for KIMV, with coverage exceeding 1000 reads for most of each genome. Sequences at the extreme termini were confirmed by RACE and Sanger sequencing. The genome organisations of the viruses are identical with 10 open reading frames (ORFs) arranged in the order 3 0 -l-N-P-M-G-G NS -a1-a2-b-g-L-t-5 0 in negative polarity ( Fig. 1 ). This genome organisation is similar to that of BEFV except for the absence of alternative ORFs in the a2 (a3) and P (P 0 ) genes (McWilliam et al., 1997) . In each virus, the ORFs are flanked by highly conserved transcription initiation (UUGUCC) and transcription termination/polyadenylation (DUAC[U] 7 ) sequences, except for a1 and a2 which occur as consecutive ORFs within the a gene (Table S1 ). The MALV and KIMV leader and trailer sequences are identical (51 nt and 57 nt, respectively). The intergenic regions (IGRs) are relatively long (22-65 nt), with the exception of a 20-21 nt overlap at g-L gene junction, as also occurs in BEFV (Table S1) .
A pairwise alignment of MALV and KIMV genomes indicated overall 90.6% nucleotide sequence identity. The 2 nt difference in the genome length occurred as a consequence of various insertions and deletions which were located primarily in the IGRs and the sequences corresponding to 3 0 untranslated regions of the mRNAs. In most cases, the corresponding ORFs were identical in length but a single nucleotide substitution (A to G) in the a2 gene of KIMV (strain CS368) at the position corresponding to the MALV a2 initiation codon has shifted the start of the ORF 84 nt downstream to the next available methoinine codon ( Fig. 2A) . Similarly, a single nucleotide substitution in the KIMV (strain CS368) b ORF has introduced a termination codon such that it is truncated by 225 nt relative to that of the b ORF of MALV ( Fig. 2B) . In order to determine if these variations are distinguishing features of KIMV, the accessory gene regions were analysed in four other KIMV isolates with more limited passage histories. In three of these isolates (CS756, CS1186 and CS1501), the a2 and b ORFs were identical in length to those of MALV. In the fourth isolate (CS1413), the b ORF was intact but the a2 ORF was truncated by a single nucleotide deletion close to the N-terminus.
The analysis suggests that the a2 and b ORFs KIMV CS368 and the a2 ORF of KIMV CS1413 have been corrupted by mutation during adaptation to cell culture.
Deduced amino acid sequences of MALV and KIMV proteins
Analysis of the deduced amino acid sequences indicated that (other than the a2 and b proteins of KIMV CS368, see above), the predicted molecular weights of each of the MALV and KIMV proteins are very similar (Table S1 ). Furthermore, a global comparison of all available ephemerovirus amino acid sequences (Table S2 ) indicated that MALV and KIMV are the most closely related viruses, sharing 485% identity in all proteins and 4 97% identity in the N and L proteins. Lowest sequence identity was in the P (86.5%) proteins and a1 proteins (88.9%) which generally are less well conserved amongst the ephemeroviruses. As is reflected in the similar genome organisations, MALV and KIMV are most closely related to BEFV in all encoded proteins (Table S2 ). In pairwise comparisons, OBOV and ARV are the next most closely related ephemeroviruses but they are far more divergent than MALV and KIMV, sharing highest sequence identity in the N proteins (87.3%) and lowest identity in the a2 proteins (30.1%).
In BEFV, the G protein is the target of neutralising antibodies, containing multiple independent neutralisation sites that are both linear (G1) and non-linear (G2 and G3) (Kongsuwan et al., 1998) . Alignment of the MALV and KIMV G protein amino acid sequences (94.9 % identity) indicated that all 18 cysteine residues and all five potential N-glycosylation sites are conserved and that most 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 variations occurred in the N-terminal signal peptide and the acidic C-terminal endodomain (Fig. 3 ). Furthermore, alignment with the BEFV G protein sequence indicated that, in the regions corresponding to the major neutralisation sites, the MALV and KIMV sequences share almost complete identity, with only single amino acids variations in each of the three sites. In contrast, MALV and KIMV shared poor amino acid sequence identity with BEFV in neutralisation sites G1 and G2, and in two of the three elements of the major conformational site, G3 (Fig. 3) . However, in one element of site G3, corresponding to amino acids F 217 to P 231 of the BEFV G protein (Kongsuwan et al., 1998) , the level of amino acid sequence identity was observed to be relatively high (73.3%). In this region, BEFV, MALV and KIMV share a stretch of identical amino acids including residue E 229 which occurs at the binding site of monoclonal antibody (MAb) 8D3, the only neutralising BEFV MAb found to cross-react with KIMV .
As is characteristic of ephemeroviruses, the MALV and KIMV G proteins also share significant amino acid homology with the corresponding G NS proteins (34.6%). Alignment of the G and G NS proteins (92.6 % identity) indicated that, of the 18 predicted cysteine residues found in the G protein ectodomain, 14 are conserved in each of the G NS proteins, suggesting that they adopt a similar folded structure (data not shown). Although KIMV G NS lacks one of the 10 potential N-glycosylation sites found in MALV G NS , the variation occurs at a locus at which the two sites in MALV overlap, suggesting they are not both utilised. Most N-glycosylation sites are located in the C-terminal region of the G NS protein ectodomains which is also the site of most amino acid sequence variations between MALV and KIMV. The MALV and KIMV small accessory proteins (a1, a2, b and g) share generally low but identifiable amino acid sequence identity with the cognate proteins of other ephemeroviruses (Table S2) .
Each a1 protein, like those of other ephemeroviruses, is predicted to contain a central hydrophobic transmembrane domain and a highly basic C-terminal domain that is characteristic of viroporins. The sequences of the other putative accessory proteins were not indicative of their likely functions.
MALV transcription profile
An anchor PCR utilising oligo[dT] and gene-specific primers was used to identify polyadenylated viral transcripts expressed in MALV-infected Vero cells (Fig. 4) . The sizes of the amplified products were consistent with transcription initiation and transcription termination/polyadenylation at each of the identified TI and TTP sequences, generating nine monocistronic mRNAs and one bicistronic (a1-a2) transcript. Although products of smaller Fig. 3 . Alignment of BEFV, MALV and KIMV G proteins illustrating the conservation of cysteine residues and the location of regions corresponding to neutralising antigenic sites G1, G2 and G3. The alignment was generated in Clustal X using default parameters. Cysteine residues are shaded and numbered according to the system described in Walker and Kongsuwan (1999) . Antigenic sites are boxed. Predicted N-glycosylation sites are underlined. Predicted signal peptides and transmembrane domains are also indicated. Other fully conserved ( n ) amino acids are indicated between the relevant sequences. The location of BEFV amino acid E 229 that was selected using antigenic site G3b MAb 8D3 is shaded in black. Fig. 4 . Detection of MALV transcripts in infected Vero cells by anchor PCR using an oligo(dT) primer and a sequence-specific primer in each ORF. The dots mark the positions of amplified products of the size anticipated for mRNAs termination at the TTP site associated with each gene. sizes were also amplified, sequence analysis demonstrated that they were produced by mis-priming of oligo[dT] on A-rich regions within the respective ORFs. As identical TI and TTP sequences are present in the KIMV genome, its transcription profile was not analysed.
Expression of MALV and KIMV proteins in infected cells
Proteins expressed in MALV-and KIMV-infected Vero cells at 1, 18, 24 and 48 hpi were analysed by SDS-PAGE and immunoblotting using MALV mouse ascitic fluid (MAF) and a BEFV M protein monoclonal antibody (MAb 20A6) that was shown previously to cross-react with KIMV . Across all time points for each virus, specific reactions were detected with proteins migrating at sizes corresponding approximately to those predicted for the major structural proteins (N, P, M and G) ( Fig. 5 ). As expected from deduced amino acid sequences, the cognate proteins of each virus were similar in size. BEFV MAb 20A6 crossreacted with KIMV M protein ( Fig. 5 ) but failed to cross-react with MALV M protein (not shown). For each virus, strong reactions were also detected with 25 kDa proteins. In MALV-infected cells, a 17 kDa protein was also detected and there was a very weak reaction with a 13 kDa protein at 18 hpi (not evident in the illustration). The sizes of the 17 kDa and 13 kDa proteins correspond approximately to the predicted molecular weight of the b and g proteins. In KIMV-infected cells, the upper of these bands (designated as 'y' in Fig. 5 ) appeared to be smaller than the 17 kDa KIMV protein and the 13 kDa band was not detected.
Serological relationships
Virus neutralisation tests were conducted to determine the serological relationships between KIMV, MALV and other ephemeroviruses (Table 1) . Solid two-way cross-neutralisation was detected between MALV and KIMV, which were indistinguishable by this method. As observed by Cybinski and Zakrzewski (1983) , there was no cross-neutralisation between KIMV and BEFV. However, a very weak one-way cross-reaction (1/20) was detected against BEFV using MALV MAF. No cross-neutralisation was detected between MALV and KIMV with either BRMV, ARV, OBOV or KOTV. As reported previously, there was partial two-way cross-neutralisation between BEFV and BRMV and between ARV and OBOV Gard et al., 1983) .
Phylogenetic relationships
Neighbour-joining trees were generated from ClustalW alignments of the complete G protein sequences of MALV, KIMV and a large set of available G protein sequences of other animal rhabdoviruses. The analysis placed MALV and KIMV within the ephemerovirus clade, supported by high bootstrap values (Fig. 6A) . Phylogenetic analyses were also conducted using ClustalW alignments of partial nucleotide and deduced amino acid sequences of the G gene (1305 nt; 435 aa) and P gene (432 nt; 144 aa) of MALV, six Australian KIMV isolates, six Australian BEFV isolates, and the ephemeroviruses BRMV, ARV, OBOV and KOTV. Single BEFV isolates from Israel, Japan, Taiwan and Turkey were also included in the partial G protein analysis. Wongabel virus (WONV) was used as the outgroup. In each analysis, MALV consistently clustered in a clade with KIMV, with the sequence diversity between MALV and KIMV isolates apparently similar to that of BEFV isolates from different geographic origins and far less than that observed between the ephemeroviruses BEFV and BRMV, or between OBOV and ARV (Fig. 6B, C) . Estimates of sequence diversity based on analysis of the partial G genes indicated that the MALV and KIMV isolates displayed less divergence at the nucleotide level than the selected BEFV isolates (7.6% and 9.6%, respectively), but slightly more divergence at the amino acid level (5.1% and 4.7%, respectively) ( Table 2 ). In the P gene, sequence divergence was higher but the variation at both nucleotide and amino acid levels between KIMV isolates and MALV (14.3% and 19.9%, respectively) was much lower than between BEFV and BRMV (43.0% and 52.7%-respectively), the most closely related ephemeroviruses that are currently classified as different species (Table 2) . Analysis of partial sequences of the N gene (699 nt; 233 aa) and L gene (402 nt; 134 aa) of the same set of viruses (data not shown) confirmed that the nucleotide and amino acid sequence divergence amongst MALV and KIMV isolates is similar to that detected between BEFV isolates. 
Discussion
The genus Ephemerovirus currently comprises the species Bovine ephemeral fever virus (type species), Berrimah virus and Adelaide River virus . Kotonkan virus and Obodhiang virus have also recently been proposed to be members of the genus . Data presented here indicate that the MALV and KIMV genomes are typical of ephemeroviruses, encoding, in addition to the five canonical rhabdovirus structural proteins, a non-structural class I transmembrane glycoprotein (G NS ), a putative viroporin (a1) and three other putative accessory proteins (a2, b and g) of unknown function. The genomes share 490% overall nucleotide sequence identity and are almost identical in length (2 nt variation between the sequenced isolates), employ the same genome organisation and transcription strategy, and encode proteins that are almost identical in size. The sequence divergence between cognate genes and proteins of MALV and KIMV isolates from Africa and Australia is similar to that observed between BEFV isolates from Australia, East Asia and the Middle East, and is far less than occurs between BEFV and BRMV which represent the most closely related of the currently designated ephemerovirus species. Furthermore, MALV and KIMV are indistinguishable from each other in virus neutralisation tests, demonstrating solid two-way cross-neutralisation, but they are clearly distinguishable serologically from other ephemeroviruses. Current species demarcation criteria for ephemeroviruses are based on low or no cross-neutralisation, up to 91% sequence identity in the N protein, and variations in genome organisation and transcription control sequences . There is, therefore, sufficient evidence here to establish that MALV and KIMV represent geographic variants of the same virus and should be classified as a single ephemerovirus species. Although MALV was the first to be isolated, we propose the name Kimberley virus for the new species on the basis that it is better characterised biologically.
Based on genome organisation and nucleotide and amino acid sequence identity data, KIMV and MALV are most closely related to BEFV. There was also evidence of low-level cross-neutralisation of BEFV by MALV polyclonal mouse ascites fluid. This is consistent with a previous observation that natural BEFV infection of a cow with pre-existing KIMV antibody induced a secondary KIMV neutralising antibody response (Cybinski, 1987) . A single neutralising BEFV MAb (8D3) directed at antigenic site G3b has also been shown to cross-react with KIMV . Indeed, the specific amino acid that was shown to vary in BEFV escape mutants selected using MAb 8D3 (E 229 ) is conserved in both KIMV and MALV, as are elements of the surrounding sequence of the G3 antigenic site (Kongsuwan et al., 1998) . Amongst Australian BEFV isolates, we have also observed that amino acid K 203 (which also forms part of the G3 site) is under strong positive selection and this may be driven by pre-existing KIMV antibody (P.J. Walker, unpublished data).
In Australia, BEFV and KIMV both infect cattle and are known to have a similar distribution throughout most of the north and east of the continent (Cybinski and Zakrzewski, 1983 ). KIMV has never been shown to be associated with disease outbreaks. Indeed, KIMV has been isolated from healthy cattle during an outbreak of ephemeral fever in an Australian dairy herd and it has been suggested that KIMV and other ephemeroviruses may limit BEF epizootics by providing temporary protection through viral interference (St. George, 1985) . Challenge experiments may resolve this question. However, clinical ephemeral fever is also known to occur in Australia in the absence of seroconversion to BEFV and it is possible that some strains of KIMV contribute to the epizootiology of the disease. The pathogenicity of MALV is unknown and, although BEFV has been reported to occur in Egypt, Kenya and Nigeria (Davies et al., 1990; Kemp et al., 1973b; Madbouly et al., 2006) , little is currently known of the epizootiology of ephemeral fever in Sudan or other parts of Central or East Africa. Experimental infections may assist in establishing the pathogenic potential of MALV and KIMV for cattle and other ruminants. A previous experimental challenge of cattle with KIMV resulted in seroconversion but no disease (M.F. Uren and T.D. St. George, unpublished data). However, the experiment was conducted using the cell culture-adapted CS368 strain and it is known that adaptation of BEFV to cell culture rapidly attenuates its pathogenicity in cattle.
Comparison of the accessory gene regions of MALV and the five available KIMV isolates indicated that the sequence of strain CS368 has been corrupted by point mutations that eliminate the a2 initiation codon and introduce a truncating termination codon in the b ORF. Similar modifications to the accessory genes have been reported for the BEFV strain BB7721, in which the b ORF is also truncated and expression of the g gene is attenuated by corruption of the upstream b gene TTP sequence (McWilliam et al., 1997) . In ARV strain DPP61, expression of the G NS , a1 and a2 genes appears to be attenuated by corruption of upstream TTP sequences resulting in expression of a G-G NS -a polycistronic transcript (Wang and Walker, 1993) . Like KIMV strain CS368, these BEFV and ARV isolates have been passaged extensively and plaque cloned in BHK and/or Vero cells, indicating that the accessory proteins are redundant and potentially detrimental to growth in cell culture. Conversely, the accessory proteins may well have important functions in vivo and attenuation of their expression during cell culture adaptation may explain the accompanying loss in pathogenicity.
Similar expressed protein profiles were detected in cells infected with MALV and KIMV using MALV MAF. In addition to proteins of similar size to the major structural proteins (G, N, P and M), several bands corresponding to smaller proteins were detected. However, these could not be assigned unambiguously as accessory proteins. An intensely staining 25 kDa band detected in MALV-infected cells (and less prominently in KIMV-infected cells) was significantly larger that the predicted sizes of the a1, a2, b or g proteins. A 17 kDa band detected in MALV-infected cells was similar in size to that predicted for the b protein but it was also detected in KIMV-infected cells (strain CS368) in which the b ORF was shown to be severely truncated. A 13 kDa band detected in MALV-infected cells was similar in size to the a1 and g proteins but it reacted very weakly and could not be detected at all in KIMV-infected cells. Thus, although the transcription profiles indicated that the small accessory genes are transcribed in infected cells, further studies using mono-specific antisera will be required to confirm expression at the protein level. Interestingly, the KIMV M protein was detected using BEFV MAb 20A6 which had previously been shown to cross-react with KIMV, BRMV and ARV but the MAb failed to react with MALV M protein. There are only seven amino acid differences between the KIMV and MALV M protein sequences. Two of these are in a short sequence of six residues in the C-terminal domain (P 193 PDLDK) that are fully conserved in BEFV, BRMV and KIMV, suggesting this may be the site of the crossreactive epitope. However, this site is not conserved in ARV and scanning of the sequence failed to identify any other linear sites that could account for the reported pattern of cross-reactivity.
The known geographic distribution of KIMV includes Australia, Papua New Guinea, Indonesia and at least two provinces of China (Cybinski and Zakrzewski, 1983; Daniels et al., 1995; Jiang and Yan, 1989; Soleha et al., 1993) . Evidence presented here indicates that geographic distribution of this virus also extends to Central Africa and that the range of potential vectors includes biting midges (C. brevitarsis) and at least two species of mosquito (C. annulirostris and M. uniformis). BEFV has also been isolated from biting midges (including C. brevitarsis) and several species of mosquito, and has a geographic distribution that includes Africa, Asia and Australia (St. George and Standfast, 1988; Walker et al., 2012) . Although the role of biting midges in ephemerovirus transmission is questionable (Kirkland, 1993; St George, 1993; Walker et al., 2012) , BEFV and KIMV do appear to share a similar ecology, perhaps originally evolving in Africa as separate lineages in different wild ruminant species and then adapting to cattle and spreading to Asia and Australia through the eastward movement of livestock. Further studies are required to better define the vertebrate host range and extent of the geographic distribution of KIMV, and to determine if other African ephemeroviruses, such as KOTV and OBOV, also occur throughout the same geographic range and contribute to the epizootiology of ephemeral fever in Asia and Australia.
Materials and methods
Viruses and cells
The origins of virus isolates used in his study are shown in Table S3 . Passage histories of ARV, BEFV, BRMV, KIMV, KOTV and OBOV isolates used for the virus neutralisation tests (VNTs) have been described previously . Prior to sequencing KIMV (strain CS368) was passaged 13 times in BHK-21cells and twice in Vero cells, plaque-cloned three times in Vero cells and passaged a further 14 times in BHK-BSR cells. MALV (strain SudAr 1149-64) was passaged once in suckling mice and twice in Vero cells. Viruses were grown in Vero or BHK-BSR cells at 37 1C. BHK-BSR cells were cultured in Basal Medium Eagle (BME) and Vero cells grown in Eagle's Minimum Essential Medium (EMEM), each supplemented with 10 mM HEPES, 2 mM L-glutamine, 137 mM streptomycin, 80 U/ml penicillin, and either 5% (growth medium) or 2.5% (maintenance medium) foetal calf serum.
Antisera
Bovine BEFV immune serum, ARV rabbit antiserum, KOTV, OBOV, BRMV and KIMV MAFs, and negative control bovine serum have been described . MALV MAF was produced as described by Palacios et al. (2011) . BEFV M protein mouse MAb 20A6 has been described previously .
Virus neutralisation tests
Virus neutralisation tests were performed as described previously Tian et al., 1987) . The method of Reed and Muench (1938) was used to calculate infectivity titres which were determined as the lowest dilution of antibody at which neutralisation was observed.
RNA extraction, PCR-select cDNA subtraction and RACE Total RNA extraction from infected cells and the modified PCR-select cDNA subtraction for enrichment for viral sequences were conducted as described by Gubala et al. (2010; 2008) . The PCRselect method used WONV as the driver and three different restriction enzymes (Alu I, Hae III and Rsa I) were used to construct the libraries. The protocol for the rapid amplification of cDNA ends has been described previously Li et al., 2005) . Primers used in this protocol are shown in Table S4 .
RT-PCR of partial N, P, G, L and accessory protein region sequences cDNA was synthesised from total RNA using the Superscript III first-strand synthesis system (Invitrogen) and 50 mM random hexamers at 50 1C for 60 min followed by 70 1C for 15 min. Primers used in this protocol are shown in Table S5 . PCR amplification of partial N and P genes was performed using the GoTaq PCR system (Promega) using 2.5 ml cDNA, 5 ml 5X GoTaq Buffer, 3 ml MgCl 2 , 0.5 ml 10 mM dNTPs, 1 ml each primer (10 mM), 0.125 ml GoTaq polymerase and 11.5 ml nuclease-free H 2 O. The cycling conditions were as follows: 1 cycle 95 1C for 2 min; 35 cycles 95 1C 30 s, 55 1C 30 s, 72 1C 1 min; 1 cycle 72 1C 7 min; 4 1C hold. PCR amplifications for the partial G and L genes and for the accessory protein region were performed using the LongAmp Taq PCR system (New England BioLabs) using 3 ml cDNA, 5 ml 5X LongAmp Buffer, 0.75 ml 10mM dNTPs, 1 ml each primer (10 mM), 1 ml LongAmp Taq and 13.25 ml nuclease-free H 2 O. Cycling conditions for these PCRs were as follows: 1 cycle 95 1C for 2 min; 35 cycles 95 1C 30 s, X 1C 30 s, 65 1C Y s; 1 cycle 65 1C 10 min; 4 1C hold. Temperatures and durations represented by X and Y are shown in Table S5 .
DNA sequencing and sequence analysis
Sanger sequencing was performed using the ABI PRISM 3130xl Genetic Analyzer in conjunction with the BigDye Terminator v. 3.1 kit (Applied Biosystems, USA). High-throughput DNA sequencing was performed using the Illumina GAIIx platform at Micromon (Monash University, Clayton, Australia) according to the manufacturer's protocol and analyses were performed as described previously . The sequences described in this paper have been deposited in GenBank under accession numbers JQ941664-JQ941707. Alignments and phylogenetic analyses were conducted using MEGA version 5.0 (Tamura et al., 2011) .
Transcription profiling
Transcription profiling was conducted by PCR as described previously . Primers and annealing temperatures are shown in Table S6 .
SDS-PAGE and immunoblotting of viral proteins
SDS-PAGE and immunoblotting were performed as described previously Gubala et al., 2008) except that primary antibodies were used at dilutions of 1:1000 (MALV MAF), 1:500 (KIMV MAF) and 1:10000 (MAb 20A6), and membranes were developed using the NOVEX Chemiluminescent Substrate Reagent Kit (Invitrogen) at room temperature for 5 min.
